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a b s t r a c t 
Biological soil crusts (BSCs), or biocrusts, are composed of fungi, bacteria, algae, and bryophytes (mosses, 
etc.) that occupy bare soil, entwining soil particles with filaments or rootlike structures and/or gluing 
them together with polysaccharide exudates to form a consolidated surface crust that stabilizes the soil 
against erosion. BSCs are common in arid and semiarid regions where vascular plant cover is naturally 
sparse, maximizing the exposure of surface-dwelling organisms to direct sunlight. Although less promi- 
nent and less studied there, BSC organisms are also present in more mesic areas such as the Great Plains 
where they can be found in shortgrass and mixed-grass prairie, in the badlands of several states, where 
burrowing animals have created patches of bare soil, on damaged road-cuts, strip-mines, gas and oil drill 
pads, military training areas, heavily grazed areas, and burn scars. Even where BSCs are not readily visible 
to the naked eye, many of the organisms are still present. BSC organisms are passively dispersed to the 
Great Plains as airborne organismal fragments, asexual diaspores, or sexual spores that accompany wind- 
blown dust from as far away as northern China and Mongolia. BSCs can best be studied and managed by 
1) acknowledging their presence; 2) documenting their diversity, abundance, and functional roles; and 3) 
minimizing unnecessary disturbance, particularly when the soils are dry. This paper describes the current 
knowledge of Great Plains BSCs in an effort to heighten awareness of these cryptic but crucial ecosystem 
components and to encourage new research initiatives to better understand and manage them in this 
biome. Some specific actions may include refined taxonomic and ecologic studies of BSC organisms in 
underexplored areas, particularly those previously less or not recognized as BSC habitat, and incorpora- 
tion of techniques to sample airborne organisms. 
Published by Elsevier Inc. on behalf of The Society for Range Management. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Biological soil crusts—a general introduction 
On a global scale, biological soil crusts (BSCs) develop when 
various combinations of diminutive organisms including fungi 
(free-living, lichenized, and mycorrhizal); bacteria (cyanobacteria, 
chemoheterotrophic and diazotrophic [nitrogen-fixing]); terrestrial 
algae (including diatoms); and bryophytes (mosses, liverworts, and 
hornworts) occupy the surface few millimeters of the soil, entwin- 
ing and/or gluing soil particles with polysaccharide exudates into 
a stable surface layer. BSCs can be present in a wide array of eco- 
logical conditions, when and where aridity and/or physical dis- 
turbances have exposed the soil surface to colonization by BSC- 
forming organisms ( Warren 1995 ). They are most recognized in hot 
or warm arid regions, semiarid regions, and dry but frigid polar 
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zones where vascular plant cover and diversity are characteristi- 
cally low, leaving areas of bare soil available for BSC colonization 
( Rosentreter and Belnap 2001 ). 
Despite their small size, BSC organisms are crucial ecosystem 
components that perform essential functions important to ecosys- 
tem health and stability. The ecological roles of BSCs include the 
acquisition, accumulation, and cycling of essential airborne and soil 
nutrients; redistribution of precipitated water; and soil formation 
and stabilization ( Warren 1995 ; Belnap and Lange 2001 ; Pietrasiak 
et al. 2013 ; Weber et al. 2016 ). BSCs and their ecological functions 
can be disturbed by a variety of natural and anthropogenic fac- 
tors including, but not limited to, livestock grazing and trampling 
( Warren and Eldridge 2001 ), off-road vehicular traffic ( Wilshire 
1983 ), military training ( Warren 2014 ), mining ( Spröte et al. 2010 ), 
and fire ( Johansen 2001 ). 
Within the continental United States, BSCs are common in all 
of the major arid areas including the Great Basin and Colorado 
Plateau Deserts, which frequently freeze and experience snow dur- 
https://doi.org/10.1016/j.rama.2020.08.010 
1550-7424/Published by Elsevier Inc. on behalf of The Society for Range Management. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Figure 1. Examples of Great Plains biological soil crusts at various scales: a, The vagrant lichen, gray-green Xanthoparmelia spp., covers the ground, creating a green carpet 
in front of this person on badland soils east of Salmon, Idaho; b and c, Vagrant lichens and cyanobacterium Nostoc commune ( white arrow ) growing among the grass in 
Montana; d, Close-up of the vagrant lichen Xanthoparmelia sp. (1-cm squares); e, Short mosses, including Bryum sp. and a yellow crustose lichen, Fulgensia spp. ( white arrow ) 
on soil between the grass and fringed sage; f, Squamulose (scale) lichens, Cladonia sp. ( white arrow ) growing with grass and fringed sage; g, Short mosses; h, Three common 
Great Plains BSC mosses from left to right: Ceratodon , Bryum , and Syntrichia; i, free-living cyanobacteria Nostoc commune ( white arrow ) growing with grasses and Syntrichia 
moss. 
ing the winter, and the warmer Chihuahuan, Sonoran, and Mojave 
Deserts, which less frequently freeze and where the majority of 
precipitation falls as rain ( Rosentreter and Belnap 2001 ). They are 
generally less visually prominent in the Great Plains than in more 
arid regions where vascular plant cover is characteristically lower 
and there is less competition for direct sunlight and bare soil con- 
ditions. Yet they are present there ( Fig. 1 ). The objective of this 
review is to describe the BSCs of the Great Plains so that they 
can emerge from their scholarly obscurity and be recognized for 
the ecological roles they perform there. By making observers more 
aware of their presence and importance, it is hoped that further 
research efforts regarding their geographic distribution and ecolog- 
ical functions in the Great Plains will be initiated. 
BSC distribution and abundance in the Great Plains 
The Great Plains are characterized by cold, dry winters and hot, 
humid summers, with an average annual temperature of 8 °C. Rain- 
fall is concentrated in the summer. Shortgrass prairie rainfall aver- 
ages 250 mm annually. Annual precipitation in mixed-grass prairie 
averages 350 −580 mm. Grasses are typically short, and cover is 
sparse. The Great Plains evolved with periodic fire and grazing by 
herds of buffalo (Bison bison) unlike other arid and semiarid re- 
gions of the western United States ( Mack and Thompson 1982 ). Bi- 
ological soil crusts in this ecosystem are unique in that they appear 
to be adapted to the summer rainfall, periodic fire, and livestock 
disturbance ( Rosentreter and Belnap 2001 ). 
Most rangeland research in the Great Plains and elsewhere has 
focused on vascular plant communities and the ungulates that con- 
sume them. The presence and roles of soil microbial communities 
have received less attention relative to what drives their abun- 
dance, distribution, and ecosystem functionality. Still, BSCs of the 
Great Plains can occur in the interspaces between bunchgrasses 
and shrubs (see Fig. 1 ), but in contrast to their more arid coun- 
terparts, Great Plains BSCs are not as prominent. However, re- 
gardless of their cryptic appearance, BSCs constitute an important 
ecosystem component that merits scientific attention. The earli- 
est research regarding the effect of BSCs on soil hydrology was 
conducted in the Red Plains region of Oklahoma, stretching from 
southern Kansas, through Oklahoma, and into Texas ( Booth 1941 ), 
before labeling soil with a biologically crusted layer of surface soil 
as “biological soil crusts.” The research showed that early succes- 
sional algae enhanced water infiltration into the soil, thus reduc- 
ing runoff and concomitant soil erosion. Yet our understanding of 
how BSCs contribute to ecosystem functionality and health in other 
regions of the Great Plains is far from comprehensive and based 
on only a handful of studies. A more complete characterization of 
their communities and ecological functions is warranted. Here we 
review the historical and current knowledge of Great Plains BSCs. 
BSCs in the prairie ecosystems of the Great Plains 
Extensive stretches of prairie ecosystems occur in the Great 
Plains from Canada south to New Mexico and Texas. Much of the 
limited BSC research in the Great Plains has been focused on short- 
grass and mixed-grass prairie. Much of the western edge of the 
Great Plains is a naturally occurring shortgrass prairie where the 
primary grasses are short and seldom form a solid continuous 
ground cover, leaving considerable areas of bare soil available for 
colonization by BSC organisms ( Rosentreter and Belnap 2001 ). Yet 
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BSCs are sometimes difficult to recognize in this ecosystem. Lichen 
and moss growth may be concentrated near shrubs and bunch 
grasses, which may visually hide the presence of BSC organisms. 
Interspaces may be colonized by algal BSCs, which constitute the 
most inconspicuous BSC type, which is easily overlooked. Fire is 
known to negatively affect BSC organisms ( Johansen 2001 ; Warren 
et al. 2015 ), and recovery can vary for these ecosystem compo- 
nents. Two privately managed pastures east of Fort Collins, Col- 
orado showed no difference in vegetation cover and composition 
(Warren, unpublished data). However, once BSC composition was 
assessed, one pasture contained a much higher presence of lichens 
compared with the other adjacent pasture (Warren, unpublished 
data). An investigation into fire history of these pastures revealed 
that the pasture without lichens had been burned the previous 
year, while the pasture with abundant lichens had not. 
Common BSCs in prairie systems include many species 
bryophytes and lichens. Common bryophytes include species in the 
genera Bryum . Ceratodon , Pterygonerum , and Syntrichia . Frequently 
observable lichens include Fulgensia spp., Heppia spp., Petula spp., 
Psora spp., Placidium squamulosum (Ach.) Breuss, and Collema 
tenax (Swartz) Ach. The Collema lichen is composed of a fungal 
symbiont of the same name and a nitrogen-fixing cyanobacterial 
symbiont, Nostoc commune Vaucher ex Bornet and Flahault . It is 
critical in areas with few nitrogen-fixing vascular plants ( Looman 
1964 ; Freebury 2014 ). 
Knowledge of BSC cyanobacterial and terrestrial algal diversity 
is limited in the Great Plains. One of the earliest works on algae 
in Colorado agricultural soil documented 19 species of cyanobac- 
teria, one diatom, and one green alga in Great Plains habitats 
( Robbins 1912 ). In 1943, the cyanobacterium Schizothrix macbridei 
was reported as occurring in silty soil crusts in Nebraska and Col- 
orado ( Drouet 1943 ). The author also listed Symploca kieneri as a 
cyanobacterial species that could be found in sandy depressions in 
Nebraska. Durrell (1959) later floristically surveyed 239 soil sam- 
ples from Colorado ranging from cultivated soils to barrens, alpine, 
and montane soils, as well as soils from sagebrush and grass- 
lands. He found 85 algal species, of which 17 were later classified 
as cyanobacteria. Specific locational information was not provided. 
The author combined his records into broad habitat categories, 
such as “soil under sagebrush,” “soil under saltgrass,” and “soil un- 
der buffalograss.” Cyanobacterial species found in habitats within 
the Great Plains included Anacystis thermalis cf. major (Lagerheim) 
Drouet and Daily 1956, Lyngbya versicolor Gomont 1892, Nodularia 
harveyana Thuret ex Bornet and Flauhalt 1886, Nostoc muscorum C. 
Agardh ex Bornet and Flauhalt 1888, Nostoc paludosum Kützing ex 
Bornet & Flauhalt 1886, Phormidium tenue Gomont 1892, Phormid- 
ium spp., and Schizothrix spp. ( Durell 1959 ). Schulten (1985) re- 
ported five cyanobacterial genera, Nostoc , Microcoleus , Oscillatoria , 
Phormidium , and Scytonema , on a sand prairie on a river terrace 
in southeastern Iowa. There were no descriptions, illustrations, or 
photographs associated with this work, and species identity of the 
cyanobacteria was unclear. The only recent study using a mod- 
ern taxonomic treatment by applying the polyphasic approach to 
cyanobacterial systematics is the work of Pietrasiak et al. (2014a) in 
which the authors described a new Symplocastrum torsivum N. 
Pietrasiak & J. Johansen 2014 species from the US Department 
of Agriculture −Agriculture Research Services Central Plains Experi- 
mental Range site near Fort Collins, Colorado. With such a paucity 
of studies, much remains to be discovered in this biome. 
Less common BSC habits within the Great Plains 
Badlands 
Badlands are characterized as areas of exposed soft rock or 
soil with little vegetation that has been eroded into a variety of 
strange shapes. Some of the most recognized and scenic areas 
of badlands include Makoshika State Park in Montana, Badlands 
National Park in southwestern South Dakota, and the Theodore 
Roosevelt National Park in western North Dakota. Other smaller 
areas of badland habitats are present in Toadstool Geologic Park in 
the Oglala National Grassland located in northwestern Nebraska; 
Hell’s Half-Acre in Natrona County, Wyoming; and many other 
areas dispersed throughout the Great Plains. Given the paucity 
of vascular plants that would otherwise effectively compete for 
sunlight, badlands are ideal habitats for BSCs. However, little effort 
has been made to locate and identify the BSC organisms of the 
badlands of the United States. Dahal et al. (2017) identified an 
Actinobacterium of the genus Streptomyces in the soils of the 
badlands of South Dakota. Lichens have been studied in Badlands 
National Park, and 128 different lichenized and nonlichenized 
fungal species have been documented ( Will-Wolf 1998 ). Badlands 
also occur on other continents as well and serve as analogs to the 
badlands of the Great Plains in the United States. Their associated 
BSCs have been studied extensively in Spain ( Souza-Egipsy et al. 
20 04 ; Pintado et al. 20 05 ; Maestre et al. 2011 ), suggesting that the 
badlands of North America may be similarly populated. 
Prairie dog colonies 
Prairie dog colonies occur in parts of the Great Plains, especially 
where abundant vascular plants do not hinder the ability of prairie 
dogs to observe approaching predators, and where plant roots do 
not hinder digging of underground dens. Large areas of barren soil 
with sparse vascular plant cover can be suitable for BSC forma- 
tion and establishment. Short mosses such as Bryum, Didymodon , 
and Pterygoneurum are common BSC organisms that quickly colo- 
nize open sites created by burrowing animals ( Eldridge et al. 2003 ; 
Rosentreter and Root 2019 ). Occasional fire can assist in the expan- 
sion of prairie dog colonies, although the most appropriate sea- 
son, frequency, and uniformity of fire has yet to be determined, at 
least in part due to periodic climatic fluctuations ( Augustine 2007 ; 
Archuleta 2014 ). Fire may set BSC succession back for up to 30 mo 
( Ford and Johnson 2006 ), depending on the season of the fire and 
despite helping to create and/or restore optimal, more open habitat 
for BSC colonization. BSC organisms that establish in this habitat 
may require specific adaptations to occasional disturbance impacts, 
including survival strategies to cope with occasional burial by soil 
spread by the animals ( Pietrasiak et al. 2014b ). 
Roadcuts 
During the process of constructing or resurfacing paved roads, 
the topsoil and several horizons of the soil beneath the roads and 
borrow areas used to create new surfaces may be removed or 
mixed, thus disturbing or destroying existing soils. Little evalua- 
tion of the effects of roadcuts in the Great Plains has been done, 
although they have been reported on roadcuts elsewhere ( Root 
et al. 2011 ; Williams et al. 2012 ; Concostrina-Zubiri et al. 2019 ). 
As roadcuts produce considerable bare soil, they serve as an ideal 
BSC habitat for colonization. 
Strip mines, mine tailings, and gas and oil well drill pads 
Many areas of the world, including parts of the Great Plains, are 
increasingly subjected to exploration for and extraction of miner- 
als, coal, natural gas, and oil. Shubert and Starks (1980) reported 
several species of algae and cyanobacteria that occupy surface 
mine spoils in North Dakota, assisting in soil stabilization and the 
fixation of atmospheric nitrogen. Although exploration and extrac- 
tion occur in some locations in the Great Plains (e.g., Fosher 1976 ), 
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minimal effort has been made to evaluate BSCs on the areas dis- 
turbed by such activities in the region. 
Military training areas 
Author Warren began his career working 13 yr as a research 
ecologist for the US Army, followed by a decade as a senior 
research ecologist and subsequently the director of the Center for 
Environmental Management of Military Lands at Colorado State 
University. In that capacity, he visited and/or performed research 
at the majority of military training and testing areas in the United 
States, including Fort Bliss, Texas; White Sands Missile Range and 
Hollomon Air Force Base in New Mexico in the transition zone 
between the Great Plains and the Chihuahuan Desert; Fort Carson 
and the Piñon Canyon Maneuver Site in Colorado; Fort Riley in 
Kansas; Fort Sill in Oklahoma; Fort Hood and Camp Bullis in 
Texas; and several Wyoming Army National Guard training areas 
within the Great Plains per se. As the training areas have each 
experienced intensive soil-disturbing training operations that have 
reduced vascular plant cover and left large areas of bare soil, BSCs 
are plentiful there (Warren, personal observation). 
Heavily grazed areas 
Contemporary domestic livestock grazing has damaged some ar- 
eas. Where grazing pressure and resulting damage are accentuated 
surrounding watering holes and salt or mineral licks and then at- 
tenuate with increasing distance from the center of disturbance, 
a piosphere is formed ( Andrew and Lange 1986 ). Vascular plant 
cover near the center is often severely diminished but increases 
with distance from the center ( Williams et al. 2008 ; Shahriary 
et al. 2018 ). BSC cover is likely accentuated where vascular plant 
cover is reduced. Such potential habitat for BSC colonization should 
be explored in future studies. 
Burn scars 
As noted in a previous section related to the western Great 
Plains, fire can have a significant negative impact on some BSC 
organisms where vascular plant cover is adequate to carry the 
flames. A late-season prescribed burn in the eastern Great Basin 
had little effect on BSC diversity because, while most organisms 
growing under sagebrush were killed by the fire, there were many 
others in the nonvegetated interspaces that were unaffected and 
served as potential inoculant sources for burned areas ( Warren 
et al. 2015 ). Burning of a shrub steppe analog in Ukraine had 
minimal effect on cyanobacterial and green algal species diversity 
( Shcherbyna et al. 2017 ). Most fires in the Great Plains and else- 
where tend to burn in a mosaic pattern, leaving some areas un- 
burned ( Fuhlendorf and Engle 2001 ), which can serve as BSC inoc- 
ulant sources for burned areas. 
Challenges in recognizing BSC organisms 
Elbert et al. (2009) are among several authors who recognize 
that BSC organisms may grow on nonsoil surfaces without form- 
ing a crust. Some organisms may be recognized for what they are 
but not their potential role in BSCs. For example, many lichens 
( Looman 1964 ; Freebury 2014 ) and mosses ( Smith Merrill 1991 ; 
Eckel 1996 ) occur in the Great Plains without being recognized as 
BSC components. Other BSC organisms form a crust but may be in- 
distinguishable. Short mosses or crustose lichens may be so small 
or embedded in the soil that the casual observer may believe it is 
merely bare soil (see Fig. 1 g). Even many rangeland managers seem 
to have “biocrust blindness” and never note the presence of BSCs 
( Condon and Pyke 2018 ). Yet on close examination with a 10x hand 
lens or under a microscope, or when moist, one discovers that the 
soil is bound together by a BSC community. Vegetation surveys 
have often been conducted in the summer when the BSCs are dry 
and difficult to see. If one uses a water spray bottle as in Hilty 
et al. (2004) , the BSC organisms turn from brown to bright green 
and are more noticeable. Short mosses of many genera twist or 
fold up and are more hidden or very much embedded in the 
soil and go unnoticed. These mosses and the lichen Collema tenax 
Swartz Ach. often occur under the sparse canopy of blue grama 
(Bouteloua gracilis) (Willd. ex Kunth) Lag. ex Griffiths and buf- 
falograss (Bouteloua dactyloides) (Nutt.) J. T. Columb. One lichen, 
Thrombium epigaeum (Pers.) Wallr . , appears only as discolored soil 
with the reproductive structures as tiny dark spots ( McCune and 
Rosentreter 2007 ). This lichen is an early colonizer and is of- 
ten found along secondary dirt roads. Early colonization by moss 
spores may be visible only as a thin green layer or filaments that 
appear similar to green algae until inspection under at least a 
50x microscope. McCampbell and Maricle (2018) highlighted BSCs 
along a transect from the western edge of the Great Plains to the 
Konza Prairie Biological Station in central Kansas. They illustrated 
and discussed variations in species composition and stature along 
the transect. 
Vagrant lichens may not participate in classical BSC func- 
tions. However, many grow in association with BSCs, detach eas- 
ily from the BSC, and are blown around—thus the epithet “va- 
grant.” A large diversity of vagrant lichens can be found in the 
Great Plains (see Fig. 1 a −d). Vagrant lichens, sometimes called 
“range lichens,” of genus Xanthoparmelia are common and provide 
winter forage for wildlife. Pronghorn antelope ( Antilocapra ameri- 
cana Ord, 1815) commonly occur in the Great Plains and eat va- 
grant lichens in the winter ( Thomas and Rosentreter 1992 ). These 
lichens are also eaten by domestic sheep ( Ovis aries Linnaeus 1758) 
and wild bighorn sheep ( Ovis canadensis Shaw 1894) ( Rosentreter 
1993 ). McCune et al. (2014) reported six species of vagrant Xan- 
thoparmelia species from central Montana. One study of lichens 
on the Milton Cattle Ranch reported four vagrant Xanthoparmelia 
species as common and co-occurring in well-managed rangelands 
( Beye 2016 ). Rosentreter (1993) reported four species of vagrant 
Xanthoparmelia lichens in the shortgrass prairie in Montana and 
many other species in badlands, alpine areas, or on calcareous 
sites. As with other BSC organisms, vagrant lichens occur where 
the vascular vegetation is sparse. Limited vascular plant cover is 
necessary for the vagrant Dermatocarpon lichen species to persist 
( Rosentreter and McCune 1992 ). The authors hypothesized that the 
removal of dead vascular plant litter by wind may be beneficial for 
vagrant lichens. A study by MacCracken et al. (1983) found that 
annual variation in species composition of vagrant lichens in Mon- 
tana was favored by drought conditions and low organic matter 
content of the soil. They found that moderate summer livestock 
grazing encouraged vagrant lichen growth. Plant communities that 
consistently produce little biomass may be essential for their exis- 
tence. 
Other lichens do not attach to the soil, instead attaching to 
rocks, tree bark, fence posts, gravestones, building façades, and 
rooftops. Mosses, algae, and cyanobacteria may also colonize such 
alternative surfaces within the Great Plains and later disperse onto 
the soil ( Karsten et al. 2007 ; Barberán et al. 2015 ; McGorum et al. 
2015 ). 
Dispersal of BSC organisms to the Great Plains 
Given the wide diversity of surfaces colonized, it is reasonable 
to wonder how BSC organisms get to the Great Plains. Herein lies 
one of the great mysteries seldom considered or mentioned by 
BSC aficionados or scientific journals that publish on BSC ecology. 
Large numbers of BSC organisms have been documented as be- 
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ing present in the air ranging from low to high altitudes above 
the Earth ( Genitsaris et al. 2011 ; Després et al. 2012 ; Tesson et al. 
2016 ). Airborne BSC organisms may be deposited almost anywhere 
in the Great Plains or elsewhere. They have been collected from 
building rooftops ( Tripp et al. 2016 ) and façades ( Samad and Ad- 
hikary 2008 ; Sethi et al. 2012 ; Barberán 2015 ), stone monuments 
( Tomaselli et al. 20 0 0 ; Macedo et al. 20 09 ), exposed rocks ( Danin 
1999 ), plant surfaces ( Sethi et al. 2012 ; Warren personal obser- 
vation), the backs of grazing animals ( McGorum et al. 2015 ), and 
on seaborne vessels thousands of kilometers from terrestrial en- 
vironment ( Darwin 1846 ; Harmata and Olech 1991 ). Most BSC or- 
ganisms are dispersed by wind. These include asexual reproduc- 
tive lichen fragments, soredia, isidia, and/or sexual fungal spores 
( Bailey 1966 ; Heinken 1999 ; Leavitt and Lumbsch 2016 ), as well as 
spores, gametophyte fragments, and specialized asexual diaspores 
of bryophytes ( Laaka-Lindberg et al. 20 03 ; Stark 20 03 ). An exten- 
sive review of relevant literature revealed a near exclusive depen- 
dence on asexual reproduction and a pattern of aerial dispersal 
over impressive distances up to intercontinentally and interhemi- 
spherically ( Warren et al. 2019 ). 
Dust and accompanying BSC organisms may be transported 
by air on scales ranging from centimeters to thousands of kilo- 
meters, a process that has been ongoing for at least a millen- 
nium ( He et al. 2015 ). Primary sources of dust arriving in the 
Great Plains are the Taklamakan and Gobi Deserts of China and 
Mongolia, restrictively ( Guo et al. 2017 ), via the “Pacific Dust Ex- 
press,” so named by the National Aeronautics and Space Admin- 
istration ( Barry 2001 ). Prevailing trade winds between 30 and 60 
degrees in the northern and southern hemispheres tend to blow 
from west to east, such that dust and accompanying microorgan- 
isms from China and Mongolia blow onto the northwest coast of 
the continental United States, then to the Great Basin and on to 
the Great Plains ( Creamean et al. 2013 ). With the advent of satel- 
lite imaging technology, such clouds of dust are now recognized 
as common events ( Husar et al. 2001 ) that occur mainly in the 
springtime in the western and southwestern United States ( Fischer 
et al. 2009 ; Achakulwisut et al. 2017 ) and in the summertime in 
the Great Plains ( Pu and Ginoux 2018 ), and they typically carry 
BSC microorganisms ( Griffin 2007 ; Behzad et al. 2018 ). The mass 
of dust and bioaerosols from overseas sources rivals all domestic 
sources in North America ( Yu et al. 2012 ). Dust and microorgan- 
isms form condensation nuclei that are essential for the formation 
of raindrops and snowflakes ( Hoose and Möhler 2012 ; Creamean 
et al. 2013 ). Evidence of cyclic dust deposition in Nebraska has 
been shown by analysis of loess deposits there ( Rousseau et al. 
2007 ). 
Management and monitoring recommendations for BSCs in the 
Great Plains 
The most effective tool to limit damage to BSCs is to limit un- 
necessary physical disturbances, such as excessive trampling by 
livestock, when the soils are dry ( Belnap et al. 2001 ). The extent 
of damage is related to seasonality and can have significant effects 
on BSC stability. Management and maintenance of roads, power- 
lines, etc. should be scheduled for a time of year when the soils 
are stable due to being frozen or moist but not saturated ( Belnap 
et al. 2001 ). Although the simplest management tool would be to 
limit disturbance during the dry season, that may not always be 
feasible. Grazing and other activities during the dry season may be 
more detrimental to BSCs than activities during the moist season 
( Anderson et al. 1982 ; Marble and Harper 1989 ; Eldridge and Kin- 
nell 1997 ), presumably because BSCs are more brittle during the 
dry season and slower to recover. Memmott et al. (1998) found 
that winter use by livestock resulted in a BSC cover similar to 
rested pastures. They recommended that BSCs needed 4 −6 wk of 
moisture to recover from the trampling by the livestock. In ecosys- 
tems where burning is used, burning during the winter when veg- 
etation is dry may be a worthwhile strategy, as late-season fires 
when vascular plants are dormant but the soil is moist may limit 
the burn intensity, thus leaving a vegetative mosaic and their BSC 
understory unscathed ( Warren et al. 2015 ). 
Future directions and research priorities 
Throughout this manuscript, we have noted where potential ex- 
ists to conduct meaningful research that can add to the knowledge 
related to the BSCs of the Great Plains. Specifically, areas needing 
additional research include 1) refined taxonomy of organisms that 
participate in the formation of BSCs; 2) improved understanding of 
ancillary ecological roles played by organisms involved in the for- 
mation of BSCs; 3) improved understanding of the universality of 
BSC organisms, even where their presence remains hidden or dis- 
guised by other organisms; and 4) techniques to study airborne or- 
ganisms (aerobiology), including seasonality of their presence and 
abundance. 
Conclusions 
Biological soil crusts, composed of a variety of small to micro- 
scopic organisms living at and stabilizing the soil surface, are a 
common feature of rangelands where aridity and/or disturbance 
have left patches of bare soil readily available for colonization. 
Such patches are of variable size and continuity, such that they 
may be scarcely noticeable in biomes such as the Great Plains. 
They are, nonetheless, vitally important, contributing to soil sta- 
bility and the acquisition and cycling of important soil nutrients 
and moisture. This review is intended to highlight their presence 
and ecological importance in the Great Plains, as well as to high- 
light the way they arrive via natural aerobiological processes. It is 
hoped that this review will help remove BSCs of the Great Plains 
from their scholarly “blind spot” and foster increased study and 
understanding of this important but seemingly overlooked ecolog- 
ical feature. Some potential research directions resulting from this 
review may include refined taxonomy and ecology of BSC organ- 
isms in underexplored areas, particularly those previously less or 
not recognized as BSC habitat, and incorporation of techniques to 
sample airborne organisms. 
Declaration of Competing Interest 
None. 
References 
Achakulwisut, P. , Shen, L. , Mickley, L.J. , 2017. What controls springtime fine dust 
variability in the western United States? Investigating the 2002-2015 increase 
in fine dust in the US southwest. Journal of Geophysical Research: Atmospheres 
122 (12), 449–467 . 
Anderson, D.C. , Harper, K.T. , Rushforth, S.R. , 1982. Recovery of cryptogamic soil 
crusts from grazing on Utah winter ranges. Journal of Range Management 35 
(3), 355–359 . 
Andrew, M.H. , Lange, R.T. , 1986. Development of a new piosphere in arid chenopod 
shrubland grazed by sheep. 1. Changes in the soil surface. Australian Journal of 
Ecology 11 (4), 395–409 . 
Archuleta, F.D. , 2014. Black-tailed prairie dog (Cynomys ludovicianus) response to 
seasonality and frequency of fire [thesis]. New Mexico Highlands University, Las 
Vegas, NM, USA, 90 pages . 
Augustine, D.J. , Cully, J.F. , Johnson, T.L. , 2007. Influence of fire on black-tailed prairie 
dog colony expansion in shortgrass steppe. Rangeland Ecology & Management 
60 (5), 538–542 . 
Bailey, R.H. , 1966. Studies on the dispersal of lichen soredia. Journal of the Linnean 
Society of London, Botany 59, 479–490 . 
Barberán, A. , Ladau, J. , Leff, J.W. , Pollard, K.S. , Menninger, H.L. , Dunn, R.R. , Fierer, N. , 
2015. Continental-scale distributions of dust-associated bacteria and fungi. Pro- 
ceedings of the National Academy of Science 112, 5756–5761 . 
Barry, P. L. 2001. The Pacific dust express. Available at: https://science.nasa.gov/ 
science- news/science- at- nasa/2001/ast17may _ 1 . Accessed 24 May 2018. 
218 S.D. Warren, R. Rosentreter and N. Pietrasiak / Rangeland Ecology & Management 78 (2021) 213–219 
Behzad, H. , Mineta, K. , Gojobori, T. , 2018. Global ramifications of dust and sandstorm 
microbiota. Genome Biology and Evolution 10 (8), 1970–1987 . 
Belnap, J., Lange, O.L. (Eds.), 2001. Biological soil crusts: structure, function, and 
management. Springer-Verlag, Berlin, Germany, 303 pages . 
Belnap, J. , Rosentreter, R. , Leonard, S. , Kaltenecker, J.H. , Williams, J. , Eldridge, D.J. , 
2001. Biological soil crusts: ecology and mananagement. U.S. Department of In- 
terior, Bureau of Land Management, Technical Reference 1730-2. Denver, CO, 118 
pages . 
Beye, W. , 2016. Lichen researchers descend on Roundup ranch for study. Last Best 
News 24 September . 
Booth, W.E. , 1941. Algae as pioneers in plant succession and their importance in 
erosion control. Ecology 22 (1), 38–46 . 
Concostrina-Zubiri, L. , Arenas, J.M. , Martínez, I. , Escudero, A. , 2019. Unassisted es- 
tablishment of biological soil crusts on dryland road slopes. Web Ecology 19 
(1), 39–51 . 
Condon, L.A. , Pyke, D.A. , 2018. Resiliency of biological soil crusts and vascular plants 
varies among morphogroups with disturbance intensity. Plant and Soil 433, 
271–287 . 
Creamean, J.M. , Suski, K.J. , Rosenfeld, D. , Cazorla, A. , DeMott, P.J. , Sullivan, R.C. , 
White, A.B. , Martin Ralph, F. , Minnis, P. , Comstock, J.M. , Tomlinson, J.M. , 
Prather, KA. , 2013. Dust and biological aerosols from the Sahara and Asia in- 
fluence precipitation in the Western U.S. Science 339, 1572–1578 . 
Dahal, B. , NandaKafle, G. , Perkins, L. , Brözel, V.S. , 2017. Diversity of free-living nitro- 
gen fixing Streptomyces in soils of the badlands of South Dakota. Microbiologi- 
cal Research 195, 31–39 . 
Danin, A. , 1999. Desert rocks as plant refugia in the Near East. The Botanical Review 
65 (2), 93–170 . 
Darwin, C. , 1846. An account of the fine dust which often falls on vessels in the 
Atlantic Ocean. Quarterly Journal of the Geological Society of London 2, 26–30 . 
Després, V.R. , Huffman, J.A. , Burrows, S.M. , Hoose, C. , Safatov, A.S. , Buryak, G. , 2012. 
Primary biological aerosol particles in the atmosphere: a review. Tellus 64, 
e11598 . 
Drouet, F. , 1943. New species of Oscillatoriacea. The American Midland Naturalist 
29, 51–54 . 
Durrell, L.W. , 1959. Algae in Colorado soils. The American Midland Naturalist 61, 
322–328 . 
Eckel, P.M. , 1996. Synopsis of the mosses of Wyoming. Great Basin Naturalist 56 (3), 
197–204 . 
Elbert, W. , Weber, B. , Büdel, B. , Andreae, M.O. , Pöschl, U. , 2009. Microbiotic crusts 
on soil, rock and plants: neglected major players in the global cycles of carbon 
and nitrogen. Biogeosciences Discussion 6, 6983–7015 . 
Eldridge, D.J. , Kinnell, P.I.A. , 1997. Assessment of erosion rates from microphyte–
dominated calcareous soils under rain-impacted flow. Australian Journal of Soil 
Research 35, 475–489 . 
Eldridge, D.J. , Rosentreter, R. , Wicklow-Howard, M. , Koen, T. , Dalzell, C. , 2003. Bad- 
ger diggings: distinctive landscape features in western Idaho rangelands. African 
Journal of Range and Forage Science 20 (2), 513–515 . 
Fischer, E.V. , Hsu, N.C. , Jaffe, D.A. , Jeong, M.-J. , Gong, S.L. , 2009. A decade of dust: 
Asian dust and springtime aerosol load in the U.S. Pacific Northwest. Geophysi- 
cal Research Letters 36, L03821 . 
Ford, P.J. , Johnson, G.V. , 2006. Effects of dormant vs. growing-season fire in short- 
grass steppe: biological soil crust and perennial grass responses. Journal of Arid 
Environments 67, 1–14 . 
Fosher, D. , 1976. The impact of strip mining on the western Great Plains. Journal of 
the American Society of Farm Managers and Rural Appraisers 40 (1), 67–70 . 
Freebury, C.E. , 2014. Lichens and lichenicolous fungi of Grasslands National Park 
(Saskatchewan, Canada). Opuscula Philolichenum 13, 102–121 . 
Fuhlendorf, S.D. , Engle, D.M. , 2001. Restoring heterogeneity on rangelands: ecosys- 
tem management based on evolutionary grazing patterns: we propose a 
paradigm that enhances heterogeneity instead of homogeneity to promote bi- 
ological diversity and wildlife habitat on rangelands grazed by livestock. Bio- 
Science 51 (8), 625–632 . 
Genitsaris, S. , Kormas, K.A. , Moustaka-Gouni, M. , 2011. Airborne algae and cyanobac- 
teria: occurrence and related health effects. Frontiers in Bioscience 3, 772–787 . 
Griffin, D.W. , 2007. Atmospheric movement of microorganisms in clouds of desert 
dust and implications for human health. Clinical Microbiology Reviews 4 (3), 
459–477 . 
Guo, J. , Lou, M. , Miao, Y. , et al. , 2017. Trans-Pacific transport of dust aerosols from 
East Asia: insights gained from multiple observations and modeling. Environ- 
mental Pollution 230, 1030–1039 . 
Harmata, K. , Olech, M. , 1991. Transect for aerobiological studies from Antarctica to 
Poland. Grana 30, 458–463 . 
He, Y. , Zhao, C. , Song, M. , Liu, W. , Chen, F. , Zhang, D. , Liu, Z. , 2015. Onset of frequent 
dust storms in northern China at ∼AD 1100. Scientific Reports 5, 17111 . 
Heinken, T. , 1999. Dispersal patterns of terricolous lichens by thallus fragments. The 
Lichenologist 31, 603–612 . 
Hilty, J.H. , Eldridge, D.J. , Rosentreter, R. , Wicklow-Howard, M.C. , Pellant, M. , 2004. 
Recovery of biological soil crusts following wildfire on the Snake River Plain, 
Idaho, U.S.A. Journal of Range Management 57, 89–96 . 
Hoose, C. , Möhler, O. , 2012. Heterogeneous ice nucleation on atmospheric aerosols: 
a review of results from laboratory experiments. Atmospheric Chemistry and 
Physics 12, 9817–9854 . 
Husar, R.B. , Tratt, D.M. , Schichtel, B.A. , Falke, S.R. , Li, F. , Jaffe, D. , Gassó, S. , Gill, T. , 
Lauleinen, N.S. , Lu, F. , Reheis, M.C. , Chun, Y. , Weastphal, D. , Holben, B.N. , Guey- 
mard, C. , McKendry, I. , Kuring, N. , Feldman, G.C. , McClain, C. , Frouin, R.J. , Mer- 
rill, J. , Dubois, D. , Vignola, F. , Murayama, T. , Nickovic, S. , Wilson, W.E. , Sassen, K. , 
Sugimoto, N. , Malm, W.C. , 2001. Asian dust events of April 1998. Journal of Geo- 
physical Research 106 (D16) 18, 317-318, 330 . 
Johansen, J.R. , 2001. Impacts of fire on biological soil crusts. In: Belnap, J., Lange, O.L. 
(Eds.), Biological soil crusts: structure, function, and management. Springer-Ver- 
lag, Berlin, Germany, pp. 386–397 . 
Karsten, U. , Schumann, R. , Mostaert, A. , 2007. Aeroterrestrial algae growing on man–
made surfaces. In: Seckbach, J. (Ed.), Algae and cyanobacteria in extreme en- 
vironments. Cellular origin, life in extreme habitats and astrobiology, Vol. 11. 
Springer, Dordrecht, The Netherlands, pp. 583–597 . 
Laaka-Lindberg, S. , Korpelainen, H. , Pohjamo, M. , 2003. Dispersal of asexual propag- 
ules in bryophytes. The Journal of Hattori Botanical Laboratories 93, 319–
330 . 
Leavitt, S.D. , Lumbsch, H.T. , 2016. Ecological biogeography of lichen-forming fungi. 
In: Druzhinina, I.S., Kubicek, C.P. (Eds.), Environmental and microbial relation- 
ships. Springer International Publishing, Cham, Switzerland, pp. 15–37 . 
Looman, J. , 1964. The distribution of some lichen communities in the prairie 
provinces and adjacent parts of the Great Plains. Bryologist 67, 209–224 . 
MacCracken, J.G. , Alexander, L.E. , Uresk, D.W. , 1983. An important lichen of SE Mon- 
tana rangelands. Journal of Range Management 36, 35–37 . 
Macedo, M.F , Miller, A.Z. , Dionísio, A. , Saiz-Jimenez, C. , 2009. Biodiversity of 
cyanobacteria and green algae on monuments in the Mediterranean Basin: an 
overview. Microbiology 155, 3476–3490 . 
Mack, R.N. , Thompson, J.N. , 1982. Evolution in steppe with few large, hooved mam- 
mals. American Naturalist 119, 757–773 . 
Maestre, F.T. , Bowker, M.A. , Cantón, Y. , Castillo-Monroy, A.P. , Cortina, J. , Escolar, C. , 
Escudero, A. , Lázaro, R. , Martínez, I. , 2011. Ecology and functional roles of bi- 
ological soil crusts in semi-arid ecosystems of Spain. Journal of Arid Environ- 
ments 75 (12), 1282–1291 . 
Marble, J.R. , Harper, K.T. , 1989. Effect of timing of grazing on soil-surface cryp- 
togamic communities in a Great Basin low-shrub desert: a preliminary report. 
Great Basin Naturalist 49 (1), 104–107 . 
McCampbell, B.C. , Maricle, B.R. , 2018. Natural history of biological soil crusts in 
prairie ecosystems of the Great Plains: organismal composition and photosyn- 
thetic traits. Transactions of the Kansas Academy of Science 121 (3-4), 241–260 . 
McCune, B. , Rosentreter, R. , 2007. Biotic soil crust lichens of the Columbia Basin. 
Monographs in North American Lichenology 1, 1–105 . 
McCune, B. , Rosentreter, R. , Spribille, E. , Breuss, O. , Wheeler, T. , 2014. Montana 
lichens: an annotated list. Monographs in North American Lichenology, Vol. 2. 
Northwest Lichenologist, 183 pp . 
McGorum, B.C. , Pirie, R.S. , Glendinning, L. , McLachlan, G. , Metcalf, J.S. , Banack, S.A. , 
Cox, P.A. , Codd, G.A. , 2015. Grazing livestock are exposed to terrestrial cyanobac- 
teria. Veterinary Research 46, e16 . 
Memmott, K.L. , Anderson, V.J. , Monsen, S.B. , 1998. Seasonal grazing impact on cryp- 
togamic crusts in a cold desert ecosystem. Journal of Range Management 51 (5), 
547–550 . 
Pietrasiak, N. , Regus, J.U. , Johansen, J.R. , Lam, D. , Sachs, J.L. , Santiago, L.S. , 2013. Bio- 
logical soil crust community types differ in key ecological functions. Soil Biology 
and Biochemistry 65, 168–171 . 
Pietrasiak, N. , Mühlsteinová, R. , Siegesmund, M.A. , Johansen, J.R. , 2014a. Phyloge- 
netic placement of Symplocastrum (Phormidiaceae, Cyanophyceae) with a new 
combination S. californicum and two new species: S. flechtnerae and S. torsivum . 
Phycologia 53 (6), 529–541 . 
Pietrasiak, N. , Drenovsky, R.E. , Santiago, L.S. , Graham, R.C. , 2014b. Biogeomorphol- 
ogy of a Mohave Desert landscape – configuration and feedbacks of abiotic and 
biotic land surfaces during landform evolution. Geomorphology 206, 23–36 . 
Pintado, A. , Sancho, L.G. , Green, T.G.A. , Blanquer, J.M. , Lázaro, R. , 2005. Functional 
ecology of the biological soil crust in semiarid SE Spain: sun and shade pop- 
ulations of Diploschistes diacapsis (Ach.) Lumbsch. The Lichenologist 37 (5), 
425–432 . 
Pu, B. , Ginoux, P. , 2018. Climatic factors contributing to long-term variations in sur- 
face fine dust concentration in the United States. Atmospheric Chemistry and 
Physics 18, 4201–4215 . 
Robbins, W.W. , 1912. Algae in some Colorado soils. Colorado Agricultural College 
Experiment Station Bulletin 184, 24–36 . 
Root, H.T. , Miller, J.E.D. , McCune, B. , 2011. Biotic soil crust lichen diversity and con- 
servation in shrub-steppe habitats of Oregon and Washington. The Bryologist 
114 (4), 796–812 . 
Rosentreter, R. , 1993. Vagrant lichens in North America. The Bryologist 96 (3), 
333–338 . 
Rosentreter, R. , McCune, B. , 1992. Vagrant Dermatocarpon in western North America. 
The Bryologist 95 (1), 15–19 . 
Rosentreter, R. , Belnap, J. , 2001. Biological soil crusts of North America. In: Belnap, J., 
Lange, O.L. (Eds.), Biological soil crusts: structure, function, and management. 
Springer-Verlag, Berlin, Germany, pp. 31–50 . 
Rosentreter, R. , Root, H.T. , 2019. Biological soil crust diversity and composition in 
southwest Idaho, U.S.A. The Bryologist 12 (2), 10–22 . 
Rousseau, D.-D. , Antoine, P. , Kunesch, S. , Hatté, C. , Rossignol, J. , Packman, S. , Lang, A. , 
Gauthier, C. , 2007. Evidence of cyclic dust deposition in the US Great Plains dur- 
ing the last deglaciation from the high-resolution analysis of the Peoria Loess in 
the Eustis sequence (Nebraska, USA). Earth and Planetary Science Letters 262, 
159–174 . 
Samad, L.K. , Adhikary, S.P. , 2008. Diversity of micro-algae and cyanobacteria on 
building facades and monuments in India. Algae 23, 91–114 . 
Schulten, J.A. , 1985. Soil aggregation by cryptogams of a Sand Prairie. American 
Journal of Botany 72, 1657–1661 . 
Sethi, S.K. , Samad, L.K. , Adhikary, S.P. , 2012. Cyanobacteria and micro-algae in bio- 
S.D. Warren, R. Rosentreter and N. Pietrasiak / Rangeland Ecology & Management 78 (2021) 213–219 219 
logical crusts on soil and sub-aerial habitats of eastern and north eastern region 
of India. Phycos 42, 1–9 . 
Shahriary, E. , Azarnivand, H. , Jafary, M. , Saravi, M.M. , Javadiet, M.R. , 2018. Response 
of landscape function to grazing pressure around Mojen piosphere. Research 
Journal of Environmental Sciences 12, 83–89 . 
Shcherbyna, V.V. , Maltseva, I.A. , Maltsev, Y.I. , Solonenko, A.N. , 2017. Post-pyrogenic 
changes in vegetation cover and biological soil crust in steppe ecosystems. Reg- 
ulatory Mechanisms in Biosystems 8 (4), 633–638 . 
Shubert, L.E. , Starks, T.L. , 1980. Soil-algal relationships from surface mined soils. 
British Phycological Journal 15, 417–428 . 
Smith Merrill, G.L. , 1991. Bryophytes of Konza Prairie Research Natural Area, Kansas. 
The Bryologist 94 (4), 383–391 . 
Souza-Egipsy, V. , Wierzchos, J. , Sancho, C. , Belmonte, A. , Ascaso, C. , 2004. Role of 
biological soil crust cover in bioweathering and protection of sandstones in a 
semi-arid landscape (Tollorrones de Gabarda, Huesca, Spain). 2004. Earth Sur- 
face Processes and Landforms 29, 1651–1661 . 
Spröte, R., Fischer, T., Veste, M., Raab, T., Wiehe, W., Lange, P., Hüttl, O.B.R.F. Biologi- 
cal topsoil crusts at early successional stages on Quaternary substrates dumped 
by mining in Brandenburg NE Germany. Géomorphologie: Relief, Processes, En- 
vironment 16(4): 359-370. 
Stark, L.R. , 2003. Mosses in the desert. Fremontia 31, 26–33 . 
Tesson, S.V. , Skjøth, C.A. , Šanti-Temkiv, T. , Löndahl, J. , 2016. Airborne microalgae: In- 
sights, opportunities, and challenges. Applied and Environmental Microbiology 
82, 1978–1991 . 
Thomas, A. , Rosentreter, R. , 1992. Antelope utilization of lichens in the Birch Creek 
Valley of Idaho. In: Riddle, P. (Ed.), chairman. Proceedings of the 15th Biennial 
Pronghorn Antelope Workshop, Rock Springs, WY, USA, pp. 58–66 . 
Tomaselli, L. , Lamenti, G. , Bosco, M. , Tiano, P. , 20 0 0. Biodiversity of photosynthetic 
micro-organisms dwelling on stone monuments. International Biodeterioration 
and Biodegradation 46, 251–258 . 
Tripp, E.A. , Lendemer, J.C. , Barberán, A. , Dunn, R.R. , Fierer, N. , 2016. Biodiversity 
gradients in obligate symbiotic organisms: exploring the diversity and traits 
of lichen propagules across the United States. Journal of Biogeography 43 (8), 
1667–1678 . 
Warren, S.D. , 1995. Ecological role of microphytic soil crusts in arid environments. 
In: Allsopp, D., Caldwell, R.R., Hawksworth, D.L. (Eds.), Microbial diversity and 
function. CAB International, Wellingford, United Kingdom p. 199 −209 . 
Warren, S.D. , 2014. Role of biological soil crusts in desert hydrology and geomor- 
phology: Implications for military training operations. Reviews in Engineering 
Geology 22, 177–186 . 
Warren, S.D. , Eldridge, D.J. , 2001. Biological soil crusts and livestock in arid ecosys- 
tems: are they compatible? In: Belnap, J., Lange, O.L. (Eds.), Biological soil 
crusts: structure, function, and management. Springer-Verlag, Berlin, Germany 
p. 401 −415 . 
Warren, S.D. , St. Clair, L.L. , Johansen, J.R. , Kugrens, P. , Baggett, L.S. , Bird, B.J. , 2015. 
Biological soil crust response to late season prescribed fire in a Great Basin ju- 
niper woodland. Rangeland Ecology and Management 68, 241–247 . 
Warren, S.D. , St. Clair, L.L. , Leavitt, S.D. , 2019. Aerobiology and passive restoration 
biological soil crusts. Aerobiologia 35, 45–56 . 
Weber, B., Büdel, B., Belnap, J. (Eds.), 2016. Biological soil crusts: an organizing prin- 
cipal in drylands. Springer, Cham, Switzerland, 167 pages . 
Will-Wolf, S. , 1998. Lichens of Badlands National Park, South Dakota, USA. In: 
Glenn, M.G., Harris, R.C., Dirig, R., Cole, M.S. (Eds.), Lichenographia Thomsoni- 
ana : North American lichenology in honor of John W. Thomson. Mycotaxon Ltd, 
Ithaca, NY, USA, pp. 323–336 . 
Williams, A. , Buck, B. , Beyene, M. , 2012. Biological soil crusts in the Mojave Desert, 
USA: micromorphology and pedogenesis. Soil Science Society of America Journal 
76, 1685–1695 . 
Williams, W.J. , Eldridge, D.J. , Achin, B.M. , 2008. Grazing and drought reduce 
cyanobacterial soil crusts in an Australian Acacia woodland. Journal of Arid En- 
vironments 72, 1064–1075 . 
Wilshire, H.G. , 1983. The impact of vehicles on desert soil stabilizers. In: Webb, R.H., 
Wilshire, H.G. (Eds.), Environmental effects of off-road vehicles. Springer-Verlag, 
New York, NY, USA, pp. 31–50 . 
Yu, H. , Remer, L.A. , Chin, M. , 2012. Aerosols from overseas rival domestic emissions 
over North America. Science 337, 566–569 . 
